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Introduction
Zishen Yutai Pill (ZYP) is a Chinese herbal medicine compound preparation that contains fifteen herb formulas [1, 2] . It is recently reported to enhance endometrial receptivity and prevent recurrent miscarriage [1] and strengthen the function of spleen and kidney [3] . Also, it is an effective medicine [4] to treat luteal phase defect menstrual disorder [5] , asthenospermia [6] , and spleen-kidney deficiency type patients of sterility [7] .
Several researches have been carried out to assess the possible hazards of ZYP during treatment in regard to menstruation, endocrine indices, body temperature, endometrium, abortion rate, abdominal pain, and vaginal bleeding [8, 9] . However, considering that this drug is often prescribed to both women and men of childbearing potential [10] , it is still far from enough to expatiate its adverse effects and safety. Herein, we begin to address this issue for ZYP in three reproductive toxicology studies in succession, including its effects on fertility and early embryonic development in rats (segment I), embryo-fetal development in rats and rabbits (segment II), and prenatal and postnatal development in rats (segment III). In the embryo-fetal development study, we found that only mild maternal toxicities of ZYP were detected in rats at the dose of 24 g/kg/d and were limited to decreased extra-uterine weight gain and food intake, and there was no reproductive toxicology in rabbits even at the maximum administration dose [11] . The present preclinical study further reports the effects of ZYP on fertility and early embryonic development in male and female rats, which provides needed preclinical safety evidence to support its clinical usage.
Methods

Test Article.
The dosage form of ZYP is water-honeyed pill. To produce the water-honeyed pill, the 15 herbal materials (Fructus Amomi, 72 g; Dipsaci Radix, 480 g; Cuscuta sinensis Lam., 720 g; Radix Rehmanniae Preparata, 2 Evidence-Based Complementary and Alternative Medicine 480 g; Artemisiae Argyi Folium, 144 g; Herba Taxilli, 480 g; Genseng, 48 g; Atractylodes macrocephala, 240 g; Colla Corii Asini, 33 g; Cornu cervi degelatinatum, 144 g; Polygonum Multiflorum, 480 g; Eucommia ulmoides, 288 g; Codonopsis Radix, 576 g; Fructus Lycii, 192 g; and Morinda officinalis, 192 g) are crushed to powder, mixed, and then molded into pills together with honey and water [7] .
In the present study, the test drug was the raw power of ZYP provided by Guangzhou Baiyunshan Zhongyi Pharmaceutical Co. Ltd. (Lot Number: 20120401, Guangzhou, Guangdong, China). Dosing solutions were prepared by dissolving in distilled water which was given as vehicle control. Cyclophosphamide (Lot Number: 20110111, Sunray pharmaceutical Co., Ltd., Suzhou, Jiangsu, China) was used as positive control of this reproductive toxicity study and was prepared with saline solution (Lot Number: 110827k5, Fengyuan Pharmaceutical Co., Ltd., Hefei, Anhui, China). All solutions were prepared daily.
Animals.
The specific-pathogen-free (SPF) SpragueDawley rats purchased from SIPPR-B&K Laboratory Animal Co. Ltd. (Shanghai, China) were used. Animal dosing and toxicology analyses were performed at the National Evaluation Centre for the Toxicology of Fertility Regulating Drug (Department of Pharmacology and Toxicology, Shanghai Institute of Planned Parenthood Research, Shanghai, China) and conducted according to the drug reproductive toxicity study technical guidelines recommended by China Food and Drug Administration (CFDA) [12] . This study was approved by the Institutional Animal Care and Use Committee (IACUC-20130315-01).
Dosage Set of ZYP.
The tested doses of ZYP in the present study were calculated based on the FAD-recommended formula for traditional Chinese medicine dose translation between human and experimental animal: = × / × ( / ) 1/3 [13] . In this formula, stands for the human dose, while stands for the animal dose; means the coefficient of body weight (100 for human and 90 for rat); and is the standard body weight (60 kg for human and 200 g for rat). As the clinical dose of ZYP for human is 0.25 g/kg/d, 1x clinical dose for rat is 1.5 g/kg/d.
Our preliminary experiment indicated that the maximum concentration of ZYP was 0.40 g/mL and the maximum administration volume was 30 mL/kg/time. Based on the recommended guidelines by CFDA [12] , the high dose was set as the maximum gavage dosage (12 g/kg/d, i.e., 48x clinical dose) for rats, and thus 3 and 6 g/kg/d of ZYP (i.e., 12x and 24x clinical doses) were tested as low and moderate doses to investigate its effect on the fertility and early embryonic development in rats.
Experimental Designs.
A total of 125 male and 125 female rats were used in this study. Male and female rats were separately housed in cages in an SPF animal room which was maintained at [20] [21] [22] [23] [24] [25] [26] ∘ C and 40%-70% relative humidity with a 12/12 h light and dark cycle. All rats were maintained with free access to sterile water and food.
Males (aged 50-60 d, weighting 117.0-153.2 g at the beginning of administration) were obtained 7 weeks earlier than females (aged 90-100 d, weighting 188.4-233.2 g at the beginning of administration). Following an acclimation period of 5 days, rats were assigned to one of the following five groups (25 animals/sex/group) based on a random block design taking weight as block criterion: vehicle control group, positive control group, and three different doses of ZYPtreated groups.
The day of first administration was defined as D 1 . Prior to cohabitation, male and female rats in the vehicle control and ZYP-treated groups were intragastrically dosed for 9 and 2 consecutive weeks at a dose volume of 30 mL/kg, respectively. Then, each male was housed individually with a female within the same group for mating. Vaginal smear examination was conducted for the female rats at 8:00-9:30 am during the period of mating until sperm or vaginal plug was detected. The day was defined as Gestation Day 0 (GD 0 ). Treatment lasted throughout the mating period for males and continued until GD 7 for females. Rats in the positive control groups were intraperitoneally injected with cyclophosphamide at 80 mg/kg on D 1 , as a bolus injection. Pregnant rats were subjected to a caesarean section on GD 14 , and males were sacrificed on GD 0 .
Outcome Measures.
Physical sign, behavior, and survival of rats were closely observed and recorded. Rats were weighted twice a week before mating and the females were also weighed on GD 0 , GD 3 , GD 7 , GD 10 , and GD 14 . Meanwhile, food intakes were measured during the first days before mating for all rats and during GD 0-1 , GD 6-7 , and GD 13-14 for the pregnant rats.
Indexes of copulation, fecundity, and fertility were calculated based on the number of cohabited, copulated, and pregnant females. Furthermore, terminal inspections were taken for male and female rats, respectively. After they were sacrificed, testis, epididymis, foreskin gland, prostate, seminal vesicles, anal sphincter, and levator ani muscle were separated and weighted. Additionally, motility, count, and morphology of sperm were analyzed by Computer Assisted Sperm Analysis (Hamilton Thorne TOX IVOS). Besides, motile sperm density, progressive concentration, motility (%), rapid (%), average path velocity (VAP, m/s), straight-line (rectilinear) velocity (VSL, m/s), amplitude of lateral head displacement (ALH, m), curvilinear velocity (VCL, m/s), beat-cross frequency (BCF, HZ), linearity (LIN, %), and elongation (ELO, %) were examined for assessing the motility of sperm by using Computer Assisted Sperm Analysis (Hamilton Thorne TOX IVOS) and VERSION 12 Toxicology Software. For female rats, corpora lutea count, total weight of the gravid uterus, and numbers of live and resorbed fetuses were recorded. Implantation number, preimplantation mortality, postimplantation mortality, and average implantation rate were also calculated and recorded.
All outcomes were measured by a researcher who was blinded to the treatment group.
Statistical Analysis.
Quantitative data were presented as mean ± standard deviation (SD) and the differences were analyzed by univariate variance analysis followed by Dunnett test. Qualitative data were expressed as percentages and analyzed using 2 test. All the analyses were conducted by using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). value less than 0.05 was considered as statistically different.
Results
Changes in Physical
Signs, Behavior, and Survival. No animals died due to treatment before being sacrificed. Rats in the ZYP-treated groups showed normal behaviors and physical signs such as dense and shiny hairs and spiritual eyes. No rapid respiration, prone positioning, and lethargy were observed. In the positive control group, however, bloody secretions were observed around eyes and nasal of several rats on the 5th or 6th day following cyclophosphamide administration. The secretions existed for 3 days in females and 6 days in males. Additionally, hair loss was observed in most males on the 6th day following treatment and lasted for 2-7 days.
Changes in Weight and Food Intake of Male Rats.
Weight and food intake of male rats were determined during the premating period. No significant differences in weight existed between various doses of ZYP-treated groups and vehicle control group during the experiment (Figure 1(a) ). Also, no significant decrements in food consumption attributed to ZYP administration were observed ( > 0.05, Figure 1(b) ), except that food intake was increased on D 15 in moderate dose group (27.6 ± 0.7 versus 25.1 ± 0.5, < 0.05). For rats in the positive control group, the weight was significantly decreased compared with that in the vehicle control group from D 4 to D 60 ( < 0.01, Figure 1(a) ). Along with the decreased body weight, the food intake of rats also significantly declined after cyclophosphamide treatment ( < 0.05, Figure 1(b) ).
Reproductive Toxicity Analysis for Male Rats.
Overall, the copulation index, fecundity index, and fertility index were similar and without any statistical differences among the vehicle control group, positive control group, and three doses of ZYP-treated groups ( No significant differences existed in weights and coefficients of testis, epididymis, preputial glands, prostate, seminal vesicles, anal sphincter, and levator ani muscle between the vehicle control group and ZYP-treated groups (Table 2, > 0.05). However, the weights of body, prostate, seminal vesicles, anal sphincter, and levator ani muscle were tremendously decreased, and coefficients of testis, epididymis, and sphincter were notably increased in the positive control group, as compared with the vehicle control group (Table 2, < 0.05).
The changes in epididymal sperm number or motility are summarized in Table 3 . ZYP treatment did not markedly affect the sperm motility way (ALH, STR, and LIN), the vitality of sperm (VAP, VSL, VCL, and BCF), and occurrence of sperm deformity ( > 0.05). Compared with the vehicle control group, count and density of sperm were distinctly decreased, whereas the count of sperm deformity was significantly increased (69.7 ± 5.5 versus 14.1 ± 2.0, < 0.05) in the positive control group.
Changes in Weight and
Food Intake of Females. Weight, maternal weight, and the gain of extra-uterine weight were recorded without significant differences among these five groups (Table 4 , > 0.05). During the premating period, food intake was significantly increased on D 8 (20.4 ± 1.7 (Table 4) . However, ZYP and cyclophosphamide had no significant effects on food intakes of pregnant rats ( > 0.05, Table 4 ).
Reproductive Toxicity Analysis in Female Rats.
In addition to the indexes of copulation, fecundity, and fertility (Table 1) , the unaltered estrous cycle, preimplantation loss rate, and implantation rate ( Table 5 ) also demonstrated that ZYP had no obvious effects on the fertility of female rats. Besides, the pregnancy outcomes including live and resorbed fetuses per litter were not significantly influenced by ZYP or cyclophosphamide (Table 5 , > 0.05).
Discussion
ZYP has rich clinical experiences in treating multiple diseases such as infertility and miscarriage. Particularly, satisfactory efficacy of 90.0% [14] to 94.35% [2] was achieved for patients with habitual abortion and threatened abortion, and no adverse effect was observed in the newborns during a 60-day follow-up period [14] . Despite these findings, the safety and possible toxicology of ZYP are generally poorly investigated, as well as the therapeutic mechanism. Hence, we performed this segment I reproductive toxicity research for ZYP. To our limited knowledge, this is the first time to study the reproductive toxicity of ZYP on fertility and early embryonic development in rats. Here, cyclophosphamide was taken as a positive control because it could interfere with oogenesis and spermatogenesis, which caused infertility in both genders [15, 16] . According to the results, secretions were observed around eyes and nasal of several rats, and weight and food intake were significantly decreased after cyclophosphamide treatment. Consistent with the previous studies, cyclophosphamide had negative effects on the fertility of male rats by reducing the weights of prostate, seminal vesicles, levator ani muscle, and the anal sphincter as well as downregulating the concentration and count of sperm [17] . Lower corpora lutea, number of implantations, implantation rate, and live births rate were also found in the cyclophosphamide treated group.
All these results certified the effectiveness and reliability of our experiments.
ZYP had no obvious effects on the physical signs, animal behavior, and survival rate, as well as body weight. Although the food consumption was slightly undulated following the administration of ZYP, no dose-depended tendency was found. The reduction of the absolute weight for the testes, prostate, seminal vesicle, and epididymis in rats indicated the reproductive toxic on these organs [18] . Testicular mass was considered as a valuable index for the reproductive toxicity in male animals and the testicular mass decreasing was consistent with the germ cells elimination [19] . According to our study, no significant differences were found in weights and coefficients of organs (testis, epididymis, foreskin gland, prostate, seminal vesicles, anal sphincter, and levator ani muscle) between the ZYP groups and vehicle control group. Semen volume, concentration, morphology, sperm motility, and viability were considered as the five most critical factors for the reproduction potential in males [20, 21] . In this reproductive toxicity evaluation test, we found no significant changes in sperm motility way (ALH, STR, and LIN) and vitality of sperm (VAP, VSL, VCL, and BCF), and no sperm deformity was found after ZYP treatment. These sperm parameters were considered to be prime markers for the epididymal maturation and testicular spermatogenesis, which were important indicators for the male fertility [18, 22] . Furthermore, previous study had shown that ZYP could improve uterine receptivity [1] . Genseng could improve the sperm quality and treat infertility, indicating the multifaceted effects on male reproductive function [23] . Dipsaci Radix had been proved to treat pregnant disorders and prevent miscarriage [24] . Radix Rehmanniae Preparata was used to treat gynaecological disorders [25] . Colla corii Asini and Fructus Lycii were reported to be served as drugs and food [26, 27] . Fructus Amomi was also commonly used as a food spice [27] . These data suggested that these herbal materials might be safe and ZYP might be beneficial in reproductive function. Therefore, ZYP could be safely used for the males without effects on their fertility at the clinical dose.
Estrous cycle, ovarian and uterine weight, intra-uterine fetal weight, and even the average number of corpora lutea were common factors for fertility evaluation of females [28, 29] . Corpora lutea was closely associated with fertility index, and fewer corpora lutea had been found to be associated with the reducing of fertility [30, 31] . In addition, decreasing ovarian and uterine weight had negative effects on the reproductive function in female rats [32] . As shown in our study, no significant differences of fertility evaluation factors were found in female rats after ZYP treatment, which suggested that ZYP treatment had no adverse pregnancy outcomes or reproductive toxicity on the fertility of females. Meanwhile, ZYP treatment had no effects on the early embryonic development as no significant differences were found in the average number of implantations and numbers of live and resorbed fetuses. Implantation rate was considered as a critical index for the fertility of females [28] . Therefore, it was reasonable for us to conclude that ZYP had no reproductive toxicity in females, owning to no negative effects on the pregnancy and implantation.
There are still some limitations in our study. Considering the combination of ZYP and other medicines, the study on reproductive toxicities of ZYP combined with other medicines is also required. Besides, though ZYP was proofed to be safe for the fertility and early embryonic development in rats, its adverse pregnancy outcomes also should be followed in clinic for thinking of the different sensitivity to Chinese medicine in different species.
According to our results and the analyses above, ZYP had no reproductive toxicity on fertility and early embryonic development in rats. It was concluded that the No Observed Adverse Effect Level (NOAEL) for reproductive toxicity of ZYP on fertility and early embryonic development was equal to or greater than 12 g/kg for rats, which is 48x equivalent clinical doses. However, as 12 g/kg/time is the maximum gavage dosage of ZYP for rats, the real NOAEL is unable to be investigated. Nonetheless, this preclinical safety evaluation enriched our understanding of the risk of ZYP and provides essential basic data for the further analysis for its mechanism and other indications.
